Recent advances in growth techniques have enabled the synthesis of high-quality large area films of 2D materials beyond graphene. As a result, nanofabrication methods must be developed for high-resolution and precise processing of these atomically thin materials. These developments are critical both for the integration of 2D materials in complex, integrated circuitry, as well as the creation of sub-wavelength and quantum-confined nanostructures and devices which allow the study of novel physical phenomena. In this review, we summarize recent advances in post-synthesis nanopatterning and nanofabrication techniques of 2D materials which include (1) etching techniques, (2) atomic modification, and (3) emerging nanopatterning techniques. We detail novel phenomena and devices which have been enabled by the recent advancement in nanofabrication techniques and comment on future outlook of 2D materials beyond graphene.
INTRODUCTION
Semiconductor electronics and opto-electronics is a high volume, scaled-up, and commercial technology. Precise dimensional and compositional control in silicon over nm 2 device areas combined with availability of silicon in large quantities with high crystalline quality has been the key to success and prevalence of siliconbased electronics. While silicon continues to play a dominant role in microelectronics, it is approaching its fundamental limits in terms of scaling down as well as device performance.
1,2 Therefore, new materials are constantly being sought, discovered, and researched to either supplement or replace silicon in electronic devices. Several such materials have been heavily investigated over the past two decades ranging from individual organic molecules and polymers 3, 4 to carbon nanotubes [5] [6] [7] and semiconducting nanowires. 8, 9 However, the requirement of uniform, electronically homogeneous and structurally monodisperse material precludes most contenders to replace silicon. Toward that end, the isolation of graphene and measurement of its electrical properties presented a landmark moment for materials, devices, and condensed matter physics research. [10] [11] [12] However, graphene is semi-metallic in nature and therefore unsuitable for electronicswitching devices. Soon thereafter, multiple other layered crystals were identified and isolated into single-unit cell thick monolayers. Among them, the layered mono and dichalcogenides, nitrides and oxides as well as the elemental layered allotrope of phosphorus were identified to have semiconducting or insulating character and therefore presented a unique opportunity for twodimensional (2D) opto-electronics. [13] [14] [15] [16] [17] [18] However, the isolation and identification of a novel semiconductor is only the starting point relative to commercial scale applications. Uniform and large area synthesis and, more importantly, amenability to nanofabrication techniques for spatial modulation of composition, carrier concentration (doping), and morphology is critical for advanced applications and bench marking with known, commercialized semiconductors such as Si and III-V semiconductors. Toward that end, significant progress has been achieved for the case of post-graphene 2D materials over the past few years. With that said, we note that an overwhelming number of reviews are already available on the growth, synthesis, physical and chemical properties, as well as device advancements resulting from post-graphene 2D materials. 1, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Therefore, in this review, we specifically attempt to summarize the progress in spatially controlled, structural modulation from the perspective of applications in electronic and optoelectronic devices. Specifically, we focus on transition metal dichalcogenides (TMDCs), and to a lesser extent MXenes and black phosphorus (BP) on the materials side and further focus on advancements in nanoscale etching, doping, phase and defect patterning techniques to induce new structures or fundamental physical phenomena for unique advantages or advancements in terms of device properties.
Based on the above overview, this review is divided into four distinct sections. The first three sections are dedicated to (1) etching, (2) atomic modification including phase, defect and dopant patterning, and (3) new techniques for lithographic patterning and growth including controlled growth of heterostructures and doping. The last section is dedicated to novel fundamental physical phenomena and device applications that hold promise for the future based on nanoscale spatial modulation of the structure in these 2D materials.
As the chemical nature of the of the aforementioned materials (TMDCs, MXenes, and BP) are relevant toward understanding many of the processing techniques detailed in this review, a brief summary with relevant references is provided. Common among the materials discussed is the fact that these are 2D layered materials, in which the layers are weakly held together by van der Waals interactions. (1) TMDCs chemical formula can be generalized as MX 2 , where M is a transition metal of group 4-10, and X is a chalcogen species. Chalcogens include S, Se, and Te, therefore giving a large variety of TMDCs which can be synthesized. TMDCs which are formed of group 4-7 transition metals (which will be discussed in this review) form layered structures which consist of hexagonally packed metal atoms which are sandwiched between two layers of chalcogen atoms. The coordination of the metal atoms varies depending upon the phase of the material, but is typically trigonal prismatic coordination for the semiconducting phase of commonly studied TMDCs such as MoS 2 and WS 2 (other phases will be discussed where relevant in this review). A comprehensive review of the chemistry of TMDCs can be found in ref. 28 (2) MXenes are formed from a 3D material consisting of a layered MAX structure, where M is a transition metal, A is a group III or IV element, and X is carbon or nitrogen. To form MXenes, the "A" layer is etched away leaving the MXene with a general structure of M n+1 X n T x (n = 1-3), where T x is the surface termination which can be hydroxyl, oxygen or fluorine, for example. 30 From the general formula, MXenes are generally 2D metal carbides with various surface termination. Some example materials include Ti 2 CT x , Ti 3 C 2 T x , and Nb 4 C 3 T x . This relatively new class of materials offers a vast amount of novel 2D materials, owing to the large combinations of transition metals and surface terminations that can be combined. MXene are generally unstable in atmosphere as they are prone to oxidation. 31 A comprehensive review can be found in ref.
30 (3) BP is a single element 2D material composed of solely phosphorus atoms. Semiconducting BP has a puckered orthorhombic structure, in which the P has two atomic layers with two different bond lengths. A 0.2224 nm bond connects P atoms in the same plane, whereas a 0.2244 nm bond connects P atoms out of plane. 32, 33 For example, Fig. 1a shows the first fully functional microprocessor created from 2D semiconductors that was fabricated by patterning large-area MoS 2 . 34 For implementation of 2D materials in circuitry, etch processes should be compatible with common device materials and highly controllable. In fact, the efficiency of the etching method is not critical due to the atomic thickness of 2D materials. Instead, it is more critical to be able to pattern with high resolution without altering physical, electronic, and optical properties of the remaining film. Etch processes are needed for complete material removal, as well as controlled thinning in a layer-by-layer manner. Popular chemical etching processes can be generally grouped into the following categories: (1) wet chemical, (2) reactive gas-assisted, (3) plasma/reactive ion, and (4) atomic layer etching (ALE).
Wet etching
Wet etches are carried out by submerging the targeted material in a liquid solution for a prescribed amount of time. The etchant solution typically forms a compound with the targeted material, which subsequently dissolves in the solution. Etch efficiencies are controlled by changing etchant solution concentration as well as temperature. Wet etches have commonly been used in the synthesis of MXenes. In this process, the etchant is used to selectively remove the "A" species from a MAX phase material, yielding MXenes. 30 Wet etching processes have also been used in patterning TMDCs. Metal-assisted chemical etching has been demonstrated by depositing Al on top of MoS 2 and then etching with tetramethylammonium hydroxide to selectively remove the Al and the underlying TMDC. 35 In general, very high etch yields can be achieved with wet etch processes, but with little control over atomic layer removal and a high degree of isotropic etching. Therefore, wet etching is most useful for nanopatterning by complete material removal and not atomic layer removal.
Reactive gas-assisted etching Similarly, various reactive gas-assisted processes have been developed to etch 2D materials in an isotropic manner. These are relatively high-pressure processing techniques which are best suited for large area material removal. It has been demonstrated that XeF 2 at a pressure of~1-3 torr can be used to spontaneously etch MoS 2 at room temperature. 36, 37 In general, the family of halogenated gases are attractive candidates for the spontaneous etching of 2D materials. Oxidation has also been demonstrated to etch various 2D materials via annealing in air, 38 Ar-O 2 flow, 39 and water steam 40 to name a few. Reactive gas etching should be most useful for complete material removal and not atomic layer thinning, because non-volatile partial reaction by-products can significantly alter or degrade material properties.
Plasma and reactive ion etching (RIE) Plasma and reactive ion dry etching processes offer some key advantages over wet etches and spontaneous reactive-gas etches. During typical plasma etching processes, a plasma is generated with a gas species in close proximity to (either direct or remote) the material which is to be etched. Radicals or ions in the plasma generate volatile etch compounds with the targeted material resulting in material removal. RIE systems typically allow good control over processing conditions such as plasma density, pressure, temperature, and etch time, which has made RIE a popular etching technique for processing 2D materials. Additionally, RIE processes are largely anisotropic in nature. Some popular plasma species for etching TMDCs include O 2 , 41-44 CF 4 , 41,45 and SF 6 . 46 Fluorinated plasma species (and other halogen species) are popular etching plasmas due to their high electronegatively. Therefore, many elements form compounds with fluorine which are volatile at room temperature. Alternatively, oxygen plasma can be used to generate volatile species with some 2D materials. Oxygen plasma generating instruments are also abundant, as they are commonly used to clean surfaces contaminated with hydrocarbons. However, when used to thin 2D materials, plasma etching processes can result in the undesired inclusion of etchant species in the target material. 43 Figure 1b demonstrates that after O 2 plasma etching, a Mo 6+ 3d 3/2 peak is observed in XPS measurements, which indicates partial oxidation. Similar observations have been made when etched with fluorinated or chlorinated plasmas, 47 thus emphasizing the need for postetching procedures to eliminate residual contaminants and defects. Figure 1c shows a re-sulfurization process which was developed to heal MoS 2 films after O 2 plasma etching. XPS data (Fig. 1b) suggests that re-sulfurization reduced undesired oxidation in the etched MoS 2 . However, even small quantities of residual defects or dopant atoms remaining after etch processes can significantly alter electronic properties.
Atomic layer etching Perhaps most promising for the precise patterning and thinning of 2D materials are ALE techniques. These processes enable the controlled removal of monolayers (or sub-monolayers) and typically rely on self-limiting half-reactions. Half-reactions can be thermal processes, chemical reactions, plasma exposures, or ion irradiation to name a few. Therefore, there are many permutations of ALE processes which can be developed for various materials and applications. Figure 1d demonstrates an ALE technique used for the atomic layer removal of black phosphorous. 48 In this process, the first half-reaction exposes the BP to air. This selfterminating process results in the oxidation of the top monolayer. During the second half-reaction, the material is vacuum annealed which results in the sublimation of the oxidized phosphorus layer. This process can be used to thin or pattern the BP in a controlled manner as demonstrated in Fig. 1e . An ALE process used to etch MoS 2 is also shown in Fig. 1f . 47 Chlorine radicals were adsorbed to the surface in a first half-reaction and the chlorinated MoS 2 was bombarded by a low energy Ar + beam to promote desorption for the second half-reaction. By tuning ion bombardment dose, the residual Cl can be completely reduced. 49 This enables the controlled thinning of MoS 2 free of unintended dopants from the etching process, as confirmed by high-quality FETs (Fig. 1g) . Various other ALE studies have achieved controlled layer-by-layer etching. 44, 50 Much of the literature for controlled thinning of 2D materials pertaining to ALE omit transport characterization of the resultant material. In fact, energetic ions generated in plasmas can introduce defects into the lattice and significantly alter material properties. 51 Thus, when developing ALE techniques for thinning 2D materials, the transport properties must be measured and should have comparable transport properties to exfoliated or chemical vapor deposition (CVD)-grown material of equivalent thickness. Soft plasma etching techniques which rely on low power SF 6 and N 2 plasmas have enabled the removal of MoS 2 while mitigating energetic ion damage in the remaining layers. 52 Another way to achieve this may be via a three-step process, in which two half-reactions are used for material removal and a third reaction is used to heal defects (such as a re-chalcogenization process for TMDCs).
ATOMIC MODIFICATION
Phase patterning Properties of 2D materials can be significantly tuned by slight atomic modifications in the form of phase engineering, defect engineering, and doping. Spatial control of these atomic modifications enable the formation of junctions within single layers of 2D materials in an edge-on manner. Phase engineering in TMDCs has garnered much attention due to several polytypes, which can be formed that possess drastically different electronic and optical properties. Metal atoms in the 2H phase have trigonal prismatic coordination with hexagonal symmetry, as shown in Fig.  2a . 53 In the 1T polytype, metal atoms are octahedrally coordinated with tetragonal symmetry. Other less common polytypes such as a distorted 1T and the 3R phase have also been observed. 54 The polytype, and hence electronic properties, depends upon the filling of the metal atom's d orbitals. With a filled d orbital the material takes on semiconducting properties, while unfilled orbitals result in metallic properties. Therefore, the phase polytype and band structure largely depends upon the chemistry of the 2D material. However, recent efforts have demonstrated that processing methods can induce a phase change without chemical modification, thereby enabling phase patterning to achieve multiple TMDC polytypes in a single layer. Figure 2b shows a STEM image of MoS 2 which has an atomically sharp junction between the 1T and 2H polytypes. In the case of MoS 2 the 2H phase is semiconducting, whereas 1T is metallic. 53 Therefore, the junction between 2H and 1T phases acts as a metalsemiconductor homojunction, which has ohmic behavior. 55 Phase engineering has been achieved via a variety of processing techniques. One technique is alkali metal intercalation, which has been demonstrated using n-BuLi. 53, [56] [57] [58] During this process, the alkali metal intercalates into the TMDC and donates negative charge due to its large electropositivity. The charge transfer drives a structural transition from the 2H to 1T phase. This solution processing technique is compatible with standard lithography, thus making it attractive for spatial phase patterning. Several direct-write processes, which are intrinsically resistless, have also demonstrated promise for phase engineering. Laser irradiation can induce the 2H → 1T transition by thermally generating chalcogenide vacancies in MoTe 2 , 55 which has a lower barrier for phase transition compared to sulfides and selenides. Conversely, it was demonstrated that laser irradiation can cause the reverse 1T → 2H transition as well. 59 Therefore, laser irradiation is a promising route for selective area direct-write phase engineering. Phase transitions have also been demonstrated using electron irradiation. 60, 61 In this process an intermediate α-phase is formed via e-beam irradiation, which subsequently leads to the formation of the 1T phase to release strain. Gaining clearer understanding of the mechanism of phase change induced by laser and electron beam irradiation should enable more controlled direct-write phase transformation and should be studied in more detail in the future. A comprehensive review of phase engineering techniques can be found elsewhere. 54 To date, phase patterning has largely been used to lower the contact resistance of TMDC devices, by inducing the formation of the metallic 1T phase beneath metal contacts. 53, 55, 58 A schematic of such device is shown in Fig. 2c . 55 The contact resistance was lowered from 1.1 kΩ μm for 2H contacts to~0.2 kΩ μm for 1T contacts using this technique. 53 Inducing an ohmic contact between 2H/1T TMDCs also can increase FET device mobility and reduce subthreshold swing while maintaining a high on/off ratio. The immense benefits of phase engineering on FET device performance warrants the inclusion of this processing technique when fabricating high-performance devices. Of the demonstrated phase engineering techniques, ion intercalation seems most promising for incorporation into device fabrication, as it is a solution-based process, which is compatible with lithography. Phase engineering also has potential for fabricating atomically thin circuitry in single flakes of TMDCs by spatially inducing the formation of metallic 1T regions. For the laser techniques to be practical, future studies need to explore whether standard ArF 193 excimer laser lithography tools can be used with lithographically defined opaque regions for selected area phase engineering.
Defect and dopant patterning Defect engineering is another means to atomically modify 2D materials and control their physical properties. Point defects (0-D) have been thoroughly studied for many common group 6 TMDCs. Two common point defects are vacancies and interstitials. Figure  2d shows a schematic and band structure for pristine and selenium deficient MoSe 2 which contains Se vacancies. Defects such as chalcogen vacancies may act as a highly localized dopant, as evident by intragap states generated which are nearly dispersionless at low defect concentrations. 62 Of course, the specific properties of a defect vary significantly depending on the material composition. Line defects (1-D), also have interesting properties with implications on the electrical transport. For example, certain types of twin and tilt grain boundaries that occur in CVD-grown TMDCs can behave as 1-D metallic wires [63] [64] [65] which have been used to form gate-tunable memristors. 66 It is also predicted that the majority of edge termination states behave metallically for MoS 2 , 67, 68 with some behaving ferromagnetically. 69, 70 Point defects, such as transition metal vacancies and especially chalcogen vacancies, in TMDCs can occur intrinsically; however, methods have been explored to pattern defects in 2D materials, hence enabling spatially precise defect engineering. Although chalcogen vacancies can be generated in situ during synthesis, 71 the focus here is post-synthesis defect introduction as it is more suitable for selected area defect nanopatterning. Several directwrite techniques have been developed utilizing focused electron 62 The much higher mass He + (compared to e -) can be used to introduce vacancies which can agglomerate into pores with a greater yield. It is worth noting that ion irradiation transfers sufficient energy to both metal and chalcogen atoms to generate vacancies but energetics favor the formation of chalcogen 53 copyright Springer Nature 2014). c Schematic diagrams of a FET device with a 1T′/2H phase homojunction (reprinted from with permission from ref. 55 Copyright 2015, American Association for the Advancement of Science). d Calculated electronic band structures of single-layer MoSe 2 with different Se vacancy concentrations (reprinted from ref. 62 ). e Raman map of a WS 2 flake plotting the intensity of the 2LA(M) peak. The WS 2 flake was exposed to doses varying from 1 × 10 14 to 1 × 10 16 He + cm −2 (inset). Scale bar is 10 µm. Raman map is overlaid on an optical micrograph (reprinted with permission from ref. 77 Copyright 2017, John Wiley & Sons). f Pores in MoS 2 generated by oxygen plasma and MoO 3 sublimation (reprinted from ref. 82 ). ). The FET channel is pristine (unexposed) WS 2 . Resultant transfer curves of edge contacted device. i Schematic of atomic layer inverter created by utilizing exposed and pristine material on a single flake. Input (Vin)-Output (Vout) voltage characteristics of a WSe 2 atomic layer inverter which was gated with an ionic liquid (reprinted from with permission from ref. 77 Copyright 2017, John Wiley & Sons)
vacancies due to their lower mass. 78 Figure 2e shows an optical image and an overlaid Raman map of the E 2 g mode, which demonstrates the spatial control of defects introduced within a single flake of material using He + irradiation. 75 Vacancy introduction using focused electron and ion beams has the benefit of extremely high resolution. They also enable a high degree of control over the vacancy concentration by tuning the exposure dose. These factors are ideal for the rapid discovery of emergent properties introduced by defects of varying concentration. Notably, recent work has demonstrated atomic resolution for vacancy introduction and manipulation in graphene using a STEM. 79 This technique will be further discussed in the direct-write patterning section, as it can have important implications on the processing of other 2D materials. However, processes compatible with standard lithography need to be developed for large area defect nanopatterning. A logical extension of the direct-write focused electron and ion beam techniques is plasma processing with plasma species that do not react to form compounds with the 2D material. For example, an Ar plasma has been used to generate atomic scale vacancies in MoS 2 and WS 2 . 80 A hydrogen plasma has also been shown to introduce defects into TMDCs, which may hinder its use for certain processing techniques, such as top-gate dielectric deposition, during devices fabrication. 51 It was demonstrated that remote hydrogen plasma can be used to completely strip the top layer of chalcogen atoms, thus enabling the formation of Janus monolayers of MoSSe. 81 Other plasma exposures such as oxygen and fluorine plasmas have also shown potential to generate defects 2D materials, although some degree of doping may occur. For additional information refer to the etching portion of this review. It is worth noting that some oxide passivated layers have high vapor pressures. An oxygen plasma exposure followed by high vacuum sublimation of the oxide can be used to form pores within MoS 2 , as shown in Fig. 2f . 82 This property has led to oxidation and subsequent sublimation to be used as an ALE technique. 44 Nanopatterning of defects in TMDCs have introduced additional functionality in 2D materials, leading to new optical and electronic devices. Chalcogen vacancies can induce sub-bandgap emission peaks and increase the overall photoluminescence intensity in TMDCs. 83 Optical properties of other intentionally doped defective material have been further studied in several other publications. 84, 85 Defect introduction, such as vacancy generation, can also be used to tune the local Fermi energy in TMDCs. Figure 2g shows Kelvin Probe Force Microscopy (KPFM) on a WSe 2 device in which chalcogen vacancies were introduced into half of the channel and thus formed a p-n homojunction with a demonstrated photovoltage. 75 The creation of such homojunctions by defect patterning 2D enables the formation 2D diodes and can serve to pattern p-n junctions within a single flake of material. It was demonstrated that an extensive vacancy concentration can induce metallic transport in TMDCs, 74 and post-synthesis creation of excessive mirror twin boundaries can do the same. 65 Recent work has shown that at high enough defect concentrations, percolating networks of pores and edge states form within TMDCs which first-principles simulations reveal to be the origin of metallic transport, 77 although oxidation of edge states may also contribute. 86 Therefore, patterning conductive regions that are insensitive to gate modulation via defect engineering has been utilized to direct-write atomically thin circuitry onto single flakes of WSe 2 and WS 2 . Figure 2h shows a schematic and transfer curves for an edge-contacted transistor in which percolating networks of agglomerated vacancies were patterned and utilized to create a high conductivity source and drain. Defect patterning was also utilized to create a logic gate out of a single flake of WSe 2 and WS 2 . Figure 2i shows a schematic of an inverter, in which metallic conduction from defect engineering was utilized to write the load resistor in series with pristine WSe 2 on the same flake, which serves as a transistor. Input-output curves for this resistor-loaded inverter is shown in Fig. 2i and a gain of >5 indicates that the defect engineered inverter is suitable to circuitry applications. Defect engineering in 2D materials, MXenes in particular, also has immense potential for creating materials ideal energy storage applications. For electrode applications, point defects and pores enable pathways for electrolyte solutions to intercalate into the material more rapidly. 87 Certain defects can also act as active sites for redox reactions. Hence, defect patterning could be a promising technique for patterning electrodes for supercapacitor or other energy storage devices.
Doping of 2D materials can also be used as an atomic modification tool for tuning the optical, electronic, and structural properties and often arises from defect introduction. In general, the techniques reported include in situ substitutional doping 88, 89 as well as ex situ doping. Here we will focus on ex situ doping, as it enables nanopatterning of defects within the lattice. In order for dopants to be nanopatterned into 2D materials for spatial control of properties, doping techniques should either be direct-write in nature, or compatible with standard lithography. To date, the most studied technique to spatially introduce defects is plasma treatment with species that form non-volatile compounds with the 2D material. Oxygen plasma has been used to generate chalcogen vacancies and form transition metal oxides in order to tune the bandgap of MoS 2 . 90 However, oxygen plasmas rapidly attack many carbon-based resist layers, thus care must be taken to use appropriately thick resist layer or use a sacrificial hard mask layer if dopants are to be patterned. Furthermore, many plasma species which are more friendly (have higher selectivity) with standard lithography have been used to dope 2D materials, such as N 2 , 91 SF 6 , 92 and H 2 93 doping to name a few. Some other doping techniques which are compatible with lithography include functionalization with metallic nanoparticles, 94 as materials such as Au can induce p-type characteristics in MoS 2 by charge transfer, 95 and a plethora of molecular and chemical doping techniques. [96] [97] [98] Recent work demonstrated that by intercalation of Cu and Co into SnS 2 parent material, electronic properties can be greatly tuned, and seamless atomic p-n metal junctions were obtained. 99 The powerful technique of intercalation doping could be applied to many 2D materials since the relatively large van der Waals gap facilitates intercalation of atoms. The development of doping and alloying techniques will provide a near-infinite combination of dopants and 2D materials, which has, by analogy, been critical to the band gap engineering and abrupt junction doping achieved in standard semiconductors historically.
EMERGING NANOPATTERING AND LITHOGRAPHIC TECHNIQUES Lateral heterostructures
Atomically thin circuitry can be created by stitching together 2D materials with varying composition and properties to create lateral heterostructures. This can enable the formation of metal-semiconductor junctions, p-n junctions, and other semiconductor-semiconductor junctions, which are critical for integrated circuitry. The formation of lateral heterostructures can provide a critical breakthrough toward the realization of flexible and transparent circuits, which are becoming more prevalent with the rise of the Internet of Things. To date, several strategies have been explored to create 2D lateral heterojunctions, namely: (1) non-epitaxial growth, (2) epitaxial growth, and (3) selectively converting regions of a 2D material into another material. The aim of this section is to highlight these emerging techniques and comment on the compatibility with nanopatterning techniques toward the intelligent design of heterostructure geometries.
Non-epitaxial formation of 2D lateral heterojunctions have perhaps demonstrated the most promise for creating single layer circuitry. Zhao et al. 100 and Ling et al. 32 created non-epitaxial (Fig. 3a) acts as a metal/ semiconductor junction with low contact resistance compared with traditional metal contacted devices. From this technique atomically thin inverters (Fig. 3b) , logic gates (Fig. 3c) , and edge contacted transistors were synthesized, demonstrating potential to create atomically thin flexible circuitry. Non-epitaxial growth of 2D lateral heterostructures should be compatible with a large number of 2D materials, including most graphene/TMDC combinations. 101 Because this technique is compatible with lithography, a large number of device architectures can be fabricated with relative ease. Epitaxial growth is convenient for the formation of atomically sharp lateral heterojunctions without alloying at the interface. In 2014, Liu et al. achieved the epitaxial growth of hexagonal boron nitride/graphene to create lateral heterostructures. 102 Later, the formation of WSe 2 -MoS 2 lateral p-n junctions were also demonstrated. 103 A STEM image of the atomically sharp junction is shown in Fig. 3d . This heterojunction is created by first growing WSe 2 via van der Waals epitaxy followed by edge epitaxy of MoS 2 . This type of two-step growth process enables the formation of heterojunctions between TMDCs of different metal and chalcogen species. Therefore, p-n junctions were formed which exhibit a photovoltaic effect. Recently, one-pot growth was developed for creating 2D lateral heterojunctions. 104 This synthesis technique uses a single heterogeneous solid source, and heterojunctions are created by changing the composition of the reactive gas. The presence of water vapor during growth allows selective control of precursor oxidation and volatilization, enabling the formation of distinct TMDCs. Figure 3e shows an example of MoSe 2 /WSe 2 structures which were created in this manner. Other works have demonstrated the formation of various TMDC lateral heterojunctions by sequential CVD processes. [105] [106] [107] [108] [109] [110] [111] [112] [113] However, the lateral heterostructure formation generally results in the formation of concentric junctions dictated in shape by the geometry of the flake. This is not as useful as the aforementioned processes for the patterning of single layer circuitry. A logical follow on to this work is lithographically patterning and etching practical device geometries and developing masking layers in which selected area lateral epitaxial growth of only certain edges are promoted. If this can be accomplished, it should enable epitaxial growth in patterns dictated by lithography, not the flake's growth geometry.
Recently, a dislocation catalyzed approach has been developed to epitaxially grow sub-nanometer channels of MoS 2 in WSe 2 (Fig.  3f) . 114 In this process, lattice mismatch at lateral interfaces introduces misfit dislocations where the core of the dislocation exhibits high reactivity to growth precursors. This enables small heterostructure channels to form behind an advancing dislocation core in the presence of a growth precursor. These sub-nanometer channels exhibit type-II band alignment which could be promising for charge separation. With control over dislocation spacing, periodic nanochannels could be formed as a 2d analog to a multilayer superlattice. Van der Waals materials have shown exceptional promise for photovoltaic applications, 115 and the formation of such superlattices could enable the formation of high quantum-efficiency photovoltaic devices and light emitting devices, among other electronic applications. With advancements in defect engineering, misfit dislocations could be engineered which should enable the formation of superlattices to be realized.
The patterning of 2D lateral epitaxial heterojunctions by selectively converting MoSe 2 to MoS 2 provides an alternative, ex situ technique for heterojunction synthesis. 116 This has been done by patterning a masking layer over an MoSe 2 flake using electron beam lithography, and then exposing the patterned MoSe 2 to a sulfur pulsed laser plume. The sulfur content was tunable in the areas exposed to the sulfur plume and thus MoS x Se 1-x alloying was possible. A schematic of the conversion process is shown in Fig. 3g . For conversion processes, it is worth noting that most are irreversible in nature. For example, MoSe 2 can be converted to MoS 2 because the sulfurization of molybdenum occurs at a lower temperature than the selenization. Therefore, the reverse process is not energetically favorable without deteriorating the remaining film. The conversion process is also most useful for creating heterostructures with different chalcogen species, as post-synthesis metal replacement is not straightforward. The selective conversion process provides exceptional promise for the creation of lateral heterostructures and chalcogen alloying toward the formation of single layer circuitry because of its compatibility with standard lithographic techniques. Additionally, MoS 2 has been masked with a sacrificial resist layer and treated with oxygen plasma to create lateral heterojunctions. 117 Specifically, this creates a MoO 3 /MoS 2 junction which exhibits rectifying behavior and demonstrates the promise of simple plasma treatments for the nanofabrication of atomically thin lateral heterostructures.
Direct-write patterning Direct-write patterning of 2D materials can enable high-resolution processing in a highly controlled manner. However, most directwrite techniques have prohibitively low-throughput for industrial applications. Therefore, direct-write processes are largely limited for rapid prototyping and studying emerging material properties and device structures. Direct-write nanoscale processes typically require the utilization of a high-resolution probe. In general, the probe can be (1) a focused particle beam, (2) a focused photon beam, or (3) a physical probe tip.
Focused particle beams, such as electron or ion beams, have been used for a plethora of direct-write processing techniques. When patterning with focused particle beams, ion-solid interactions must be considered to discern the potential of the particle beam for the given application. The energy transferred from the charge particle to the target material (via electronic or nuclear interactions) determines its applicability and depends on variables such as particle mass, target material mass, and beam energy, among others. Detailed ion-solid interaction studies and simulations of 2D materials have been performed (for details, see ref. 78 ). For example, electron beams have demonstrated potential to induce phase changes in TMDCs; however, the low mass of electrons (and low nuclear stopping power) limit its use in directwrite nanopatterning of 2D materials by milling/sputtering. One exception is some recent work in which individual defects are manipulated with a STEM. 79, [118] [119] [120] [121] This technique demonstrated controlled introduction and motion of substitutional Si defects in graphene. 79 Figure 4a shows two Si atoms in a graphene lattice which were assembled into a diatomic cluster. Atomic motion is achieved by scanning a sub-scan area adjacent to the Si atoms. Irradiation with the electron beam transfers sufficient energy to the lattice to overcome the energy barrier for interstitial movement. Similar atomic manipulation should be achievable with a plethora of 2D materials. For example, transmission electron microscopes have been used to sculpt nanoribbons in materials such as BP 122 and TMDCs. 123 Manipulating materials on the length scale of single atoms in a direct-write manner can be used to study the quantum nature of individual defects and interstitials. Implications of such control will be discussed in future outlooks.
Beyond single atom manipulation in 2D materials, gas-assisted processes have been developed for electron beam direct-write. Electron beam-induced etching (EBIE) has been conducted by flowing a XeF 2 precursor gas in an SEM while exposing MoS 2 with the electron beam. 124 The electron beam inelastically dissociates the XeF 2 into Xe and F radicals, where the F radicals react with the MoS 2 to form volatile compounds thus etching the material in a direct-write manner.
Heavier ions can be used to pattern 2D materials via a similar gas-assisted process or by simple sputtering. 125, 126 Several promising demonstrations have shown that the sub-nanometer focused He + beam can be used to mill nanoscale structures into 2D films. 74, 127, 128 This should enable the study of quantum confinement in various 2D materials; however, the sputter yield is very low due to its relatively low mass and backscattered and recoil atoms can cause unintended damage in areas surrounding to the patterned region. 129, 130 Therefore, gas-assisted processes are a promising approach to increase the efficiency of material removal and thus minimize peripheral damage. Focused helium ion beam-induced etching (IBIE) with XeF 2 precursor gas has been used to directly etch sub-10 nm nanoribbons in WSe 2 . 76 Analogous to the EBIE process, the ion irradiation drives dissociation of the XeF 2 precursor gas, and both chemical and physical mechanisms contribute synergistically to etch the WSe 2 film. A schematic of this process is shown in Fig. 4b . The IBIE etching process enables the formation of high-quality nanoribbons which demonstrate Raman anisotropy. Similar phenomena have been observed in MoS 2 nanoribbons formed by He + milling. 127 An image of the sub-10 nm aligned array of nanoribbons obtained from this process is shown in Fig. 4c . Such techniques should enable the experimental study of nanoscale geometries such as TMDC nanoribbons which have largely been confined to simulation studies. 131, 132 Emerging nanofabrication and quantum confinement Michael G Stanford et al.
Photon beams have also been used as a probe for direct-write processing in 2D materials. Focused lasers have been used to etch MoS 2 and WS 2 in a controllable manner with the likely mechanism being thermal sublimation or oxidation/evaporation in ambient conditions. [133] [134] [135] This technique can be used to etch features such as nanoribbons into MoS 2 . 133 Voids formed from the etching process also exhibited hexagonal geometry, thus revealing the orientation of the lattice (Fig. 4d) . Devices such as supercapacitors have also been demonstrated by cutting interdigitated geometries into continuous printable MoS 2 films, 136 joining laser-induced graphene as a promising direct-write supercapacitor made from 2D materials. 137, 138 See Fig. 4e for an image of a direct-written MoS 2 supercapacitor. Some other demonstrated laser-induced processing techniques for 2D materials include laser oxidation of black phosphorous 139 and laser thinning of MoS 2 . 140 It is worth noting that laser-induced processes generally lack the resolution of focused particle beams (such as ions). For instance, diffraction limits the fundamental probe size for far-field lasers. Additionally, heat transport can result in a heat affected zone surrounding the directly irradiated material, thus further limiting resolution. Therefore, laser processing techniques are best suited for applications where relatively large area processing is desired. Advancements in laser processing techniques with industrial laser cutters and laser engravers should enable roll-to-roll processing with high throughput.
Physical probe tips offer another means for direct-write processing of 2D materials. In 1992, Delawski et al. demonstrated that an atomic force microscope (AFM) could be used to etch individual layers of SnSe 2 in a controllable manner. 141 Since this study, scanning probe etching has been used for more sophisticated patterning of 2D materials, including the use of a conductive AFM to etch black phosphorous. 142 In this technique, direct current is applied to the BP which causes local anodic oxidation. A schematic of this techniques is shown in Fig. 4f . The residual phosphorous oxoacids can be rinsed from the surface leaving behind the thinned BP. This enables high-resolution direct-write thinning as demonstrated in the AFM image in Fig. 4g . Similar scanning probe-induced oxidation has been used to pattern TMDCs, specifically WSe 2 . The oxidized WSe 2 was then etched by immersion in water. Therefore, sub-40 nm structures can be direct written (Fig. 4h) by probe-induced oxidation and subsequent etching. 143 Scanning probe-induced patterning can offer high patterning resolution given the atomic resolution of some scanning probe techniques. Throughput, however, is expected to be limited, thus making scanning probe patterning of 2D materials most useful for fundamental studies and rapid prototyping.
Novel lithographic techniques Some emerging lithographic techniques have been developed to pattern and process complex geometries of 2D materials for novel applications. These techniques do not rely on standard planar lithography that is typically carried out with the use of a resist layer. One example includes the stamping of flexible microsupercapacitors from MXene ink. 144 Specifically, 2D Ti 3 C 2 T x device structures were stamped onto paper substrates. Stamping of devices made of 2D material inks should enable high-throughput low-cost creation of electronic devices, which is attractive for industrial applications.
Recently, several groups have demonstrated patterning of 2D materials by synthesis on pre-patterned substrates. Micromolding techniques have been applied to fabricate nanoribbons from a thiosalt (NH 4 ) 2 MoS 4 solution. 145 The widths of the nanoribbons were as narrow as 157 nm. An alternative method for patterning anisotropic structures includes depositing on rippled substrates. MoS 2 films which were deposited on a rippled SiO 2 substrate were shown to exhibit Raman anisotropy. 146 Patterning on prepatterned substrates can enable the study of emerging materials properties associated with strain and shape anisotropy 147 ; however, fabricating electrical or optoelectronic devices from such methods may prove difficult. A lithographic technique to create free-standing metal (e.g., Mo, W, Sn) structures was demonstrated, which can then be sulfurized via a CVD process. 148 This can be used to synthesize three-dimensional free-standing TMDC structures and is compatible with standard lithography, which resulted in the fabrication of high-performance gas sensors. Similar techniques could be useful whenever it is desirable for TMDCs to have a high aspect ratio to the surrounding medium, such as for catalytic and energy storage applications.
There have also been recent advances in using self-assembled masks to pattern various 2D materials. With controlled selfassembly, programmable complex structures can be patterned as well as structures which would exceed the resolution limits of standard lithography. One such method is to pattern with block copolymers (BCP). BCP lithography with an oxygen plasma etch has been used to pattern MoS 2 with features down to 4 nm. 41 This technique can yield arrays of nanodots, nanorods, and nanomeshes. In fact, BCP patterning has been used to fabricate sub-10 nm MoS 2 field-effect transistor channels (which will be further highlighted in the emerging devices section). 149 Other techniques, such as the self-assembly of DNA nanotubes, 150 have also demonstrated promise for complex patterning of 2D materials. Significant advances in the self-assembly of masking layers and other emerging lithographic techniques could enable patterning which does not experience the limitations of standard optical and e-beam lithography. These emerging techniques should continue to be developed to expand the nanopatterning capabilities of a diverse range of 2D materials.
NEW PHYSICAL PHENOMENA AND DEVICES Thus far in this article, a detailed description of various methods for spatially controlled modification and synthesis of postgraphene 2D materials has been presented. A variety of structures have been patterned using these methods at various length scales. However, the important and relevant length scales are those of the wavelength of interacting photons and mean-free path of electrons in these materials. For the case of graphene, which is a semi-metal, lateral patterning-induced confinement even at the µm scale results in confinement of collective charge oscillations upon illumination in the terahertz regime, 151 this is manifested in strong surface plasmon polariton (SPP) absorption in the mid-infrared part of the spectrum in <100 nm wide graphene nanoribbons. 152 Similar plasmonic resonances have been predicted and computationally simulated for BP. 153, 154 However, the presence of a band gap and consequently lower carrier density compared to the semi-metallic graphene means that the SPP resonances only occur in far IR spectral range even for ribbon width of~100 nm. A unique feature of the BP plasmonic ribbons is asymmetry introduced in the plasmonic resonance owing to the asymmetry in the crystal structure and consequently the optical dielectric function. 153, 154 The patterning techniques discussed in the above sections are sufficient to pattern BP in <100 nm dimensions. This combined with electrostatic gatetuning 155 should allow for observation of tunable plasmons; however, no experimental evidence is yet available for SPPs in BP nanoribbons. Possible challenges could be lack of sufficient oscillator strength or sufficient carrier density in the BP, which prevents plasmon observation within the typical infrared detector range (~50 μms).
While the optical dielectric function has been shown to modulate with electric field, another interesting route to modulation of band-structure and consequently the optical-dielectric function is via localized, high-magnitude strain. Such strain can either be introduced via lithographic patterns on the substrate or via rippling of elastomeric substrates, as seen in Fig. 5a . 156 Periodic compressive and tensile strain modulation can decrease or increase the band gap, respectively, as compared to the unstrained state, evidenced from the change in band-edge absorption (Fig. 5b) . 156 Strain-induced changes in band structure can serve as an important tool in introducing quantum confinement. 157 In particular, tensile strain is known to shrink the bandgap in TMDCs. This strategy can be effectively used to create strain gradients in 2D TMDCs (WS 2 in this case) draping over tall posts etched in Si/SiO 2 . The band structure changes induced in WS 2 at the top of the post as a result of the strain forms a localized quantum-dot (QD) feature in the electronic structure (Fig. 5c ). This results in enhanced photoluminescence emission from the QD (Fig. 5d ) in addition to sharpening of the spectral line suggesting quantum emission of single photons. 158 A similar strain-induced phenomena has been observed in strained WSe 2 , 159 suggesting it is applicable for many TMDCs. The electronic band-structure in TMDCs can also be locally modulated to create a QD via purely electrostatic doping-induced confinement. 160, 161 If electrostatic gates are designed to confine electrons and charged excitations in small regions (Fig. 5e) , then the emission from the resulting confined region can be electrostatically controlled to go from predominantly neutral excitonic (χ) to confined, negatively charged excitonic (χ -) emission in a monolayer of MoSe 2
161
( Fig. 5f ). Advances in nanoscale patterning and extreme miniaturization has also led to lab scale demonstrations of electronic transport phenomena in the same example of electrostatically confined QD discussed above. In this case, single electron tunneling and coulomb blockade is observed in a tri-layer MoSe 2 . 161 QDs from TMDC monolayers have also been directly fabricated using ebeam lithography; however, not noticeable sharpening or enhancement in emission has been observed likely due to increased non-radiative recombination from the edges. 162 However, the confinement potentials with advanced nanofabrication are not limited to 0D quantum dots. Field-effect devices with channel lengths <mean-free path have also been demonstrated in 2D semiconductors. Indeed, 2D materials are ideal candidates for downsized transistors since they are largely unaffected by shortchannel effects (SCEs).). To evaluate the prevalence of SCEs for a certain material and device geometry, the screening length is determined, λ 2D = [(ε 2D /ε ox )t TMD t ox ] 1/2 , where ε 2D is the dielectric constant of the 2D material, ε ox is the dielectric constant of the gate oxide, and t are the respective thicknesses. To prevent SCEs, a small screening length is necessary to prevent punch through as well as subthreshold current from drain-induced barrier lowering. Owing to its atomic thickness and generally low dielectric constants, 2D materials typically have small screening lengths which enables the formation of high-performance, sub-10 nm transistors. Recent advancements in nanofabrication techniques have enabled the fabrication of demonstration of high-performance, short-channel FETs. These devices have been fabricated by standard e-beam lithography; however, novel techniques have been developed to create sub-10 nm channel lengths. Corrosion cracks along a Bi 2 O 3 cleavage plane were used to define a sub-10 nm in MoS 2 . 163 Directional deposition has also been utilized to 149 For 2D materials to offer a viable replacement to the state-of-the-art Si-based technology, further downscaling and optimization of 2D devices should be pursued.
FUTURE OUTLOOKS
The first demonstration of a semiconductor switch was that of the point contact transistor using germanium single crystals in 1947 by Bardeen, Shockley, and Brattain. Since then it took roughly 16 years to arrive at the standard MOSFET circuit design that is prevalent in today's ICs. In comparison, the first high-performance transistors from MoS2 were demonstrated in 2011, while the first report on lab-scale microprocessors and wafer scale high-quality material appeared in 2016-2017. Despite revolutionary advances in microfabrication and semiconductor processing technology, a time scale of 5-6 years from first basic device demonstration to microprocessors is a breathtaking pace of progress. Nonetheless, modern semiconductor electronics and optoelectronics is at a very advanced level of miniaturization, complexity, and performance, therefore necessitating stringent performance targets for devices of any emerging materials. As a result, much more progress is desired in terms of controlled spatial and structural modulation of the emerging 2D materials discussed in this review.
A prominent dilemma with any material vying to replace silicon is the inertia of a trillion $ industry dedicated and developed around silicon. Therefore, unless the new candidate offers orders of magnitude performance enhancements or unprecedented advantage in fundamental design of electronics and optoelectronics technology, it is unlikely to attract enough attention or capital for efforts that challenge silicon. Therefore, in the near term, the focus with regard to 2D semiconductors must be on the basic science of materials development, nanofabrication, and understanding of device physics. In the medium term, the emphasis must lay on identifying key properties, areas, and Fig. 5 New physical phenomena and devices. a Optical micrograph of a rippled/periodically strained flake of black phosphorus (BP) on a gelfilm substrate. b Optical absorption spectra color coded with spots in a showing shift in absorption band edge, indicating locally straininduced expansion/reduction of the electronic band gap (reprinted with permission from ref. 156 Copyright 2016 American Chemical Society). c (Top) Schematic cross section of pillar posts etched in Si/SiO 2 substrate and transfer of monolayer WS 2 using PDMS stamps. (Bottom) AFM topography and line cut of the transferred WS 2 monolayer on the pillar post. d Spatial map of integrated photoluminescence emission intensity over a selected region of the transferred WS 2 flake sample over posts. The WS 2 flake regions draped over posts show enhanced luminescence compared to other areas suggesting localized high-emission intensity due to reduction in band-gap and exciton funneling from nearby region of the flake. Inset shows a dark-field optical micrograph under reflection mode for the corresponding region of the sample (reprinted from ref. 158 ). e Schematic of electrostatic gate-confined TMDC device for confining charged excitons (reprinted with permission from ref. 160 copyright Springer Nature 2018). f (Top) SEM micrograph of a representative device shown in e along with measurement schematic. (Bottom) Emission spectra from the confined quantum dot region as a function of V c in e (equivalent to ΔV g in f) showing tunable emission of neutral (χ) vs. charged excitons (χ -) (reprinted with permission from ref. 161 copyright Springer Nature 2018)
applications, where 2D semiconductors present a distinct advantage over silicon and all other available options. Toward that end, the atomically thin nature with uniform thin-film physical form, combined with semi-transparency of monolayers to electric fields is a key point of distinction. This feature allows superior gatetunability to heterostructures comprising 2D semiconductors enabling new classes of devices including tunneling FETs that promise low power consumption in the future. Another application where 2D semiconductors promise to stand out over the competition is unconventional format electronics where the mechanical flexibility, bendability, stretchability, and ease of integration with non-traditional electronic materials such as polymers, elastomers, and bio-materials is critical. TMDCs in particular have superior mobility, mechanical, thermal, and chemical stability over other conventional semiconductors such as organics, amorphous oxides, and carbon nanotube mats. 19 The optical and photonic properties, however, distinguish 2D semiconductors from other materials. Not only do 2D semiconductors have some of the highest absorption coefficients observed in known materials, 115 their strong exciton binding energy (~1 eV of monolayer TMDCs) gives them the best attributes of both inorganic III-V semiconductors as well as organic materials. The ability to physically treat, process, and pattern them as inorganic quantum wells while retaining the strong excitonic properties of organics and QDs places TMDCs in a unique position of advantage in terms of integration and design conceptualization of new devices. In particular, nanofabrication and patterning can play a key role in the rational design of quantum-confined structures that allow control and manipulation of excitons for low power logic, non-chip communication, as a well form the basis of quantum devices. With that said, very little has been achieved in controlled electronic or optical confinement in post-graphene 2D materials for exploiting their optical and electronic properties. While techniques such as He + ion beam, electron beam, and scanning probe lithography offer hope, the end result must preserve the crystalline quality of the material and minimize collateral damage or induce charges and defects that may disrupt the transport properties or results in predominantly non-radiative recombination. 162 A promising direction to avoid such deleterious side effects would be the use of encapsulating barrier layers or develop strategies for inducing strong quantum electronic or photonic confinement without creating step edges or defects. Toward that end, in-plane growth of quantum-confined features will be an important direction moving forward. 165 Likewise, controlled growth and diffusion to create atomically sharp outof-plane heterostructures is another unexplored area.
Overall, the science of post-graphene 2D materials is still in its infancy. However, the high rate of progress in a short time span justifies the sustained enthusiasm and excitement in research both at fundamental and applied levels. Moving forward, nanoscale patterning, defect engineering, and confinement strategies will play a key role in discovery of new properties/ phenomena as well as opening up of new applications. By focusing on properties of post-graphene 2D materials that are unique and provide a distinct advantage in applications, the community stands the best chance at moving the materials and the technology up the value chain in the shortest time frame.
